ABSTRACT This study explores the method of applying surface enhanced Raman scattering (SERS) in diagnosing the aging stage of oil-paper insulation equipment in the power system, which provides access to the on-line mornitoring of electrical equipment. Oil-paper samples in different aging stages were obtained by accelerated aging experiments. Effective Raman signals of insulating oil were collected by using the selfmade hexagonal sliver nano-plates SERS substrates and the self-assembled Raman detection platform. For the SERS data of oil-paper insulation samples, kernel entropy component analysis (KECA) was applied to extract the Raman spectral features and support vector machine (SVM) was used to recognize the the aging stage of oil-paper insulation. The results demonstrate that the KECA-SVM method exhibits a good diagnostic capacity and the recognition accuracy of the propsed method reached 81.43 % (57/70). In summary, a new spectral method is proposed to diagnose the aging stage of oil-paper insulation, which lays a foundation for the actual diagnosis of the aging condition in running oil-paper insulation equipment by Raman spectroscopy.
I. INTRODUCTION
The aging of oil-paper insulation is a major and direct hazard to the reliability of electrical equipment like transformer [1] - [3] . During long-term operation, oil-paper insulation inside the transformer gradually degrades under the synergistic effects of thermal, electrical, and chemical factors [4] . Insulation aging causes potential insulation problems and results in failures. Study on the diagnosis of aging conditions is beneficial in maintaining, repairing, or replacing transformers, and is significant to ensure the safety of power systems.
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At present, although there are many specific methods for evaluating the aging of oil-paper insulation, such as partial discharge measurement, dielectric response measurement, degree of polymerization (DP) measurement of insulating paper, measurement of dissolved characteristics in oil and so on [5] - [15] . Despite the efforts made by researchers to achieve accurate live aging diagnosis, this work is still a great challenge. There is a lack of a fast comprehensive diagnosis method that contributes to the online mornitoring in this field.
Raman spectroscopy has been widely applied for qualitative or quantitative analysis in many fields, as well as for assessment [16] - [20] . Furfural in oil has been quantitatively analyzed with a detection limit of 14.4 mg/L by a characteristic Raman peak at 1707 cm −1 [21] . The further study reached a detection limit of 0.10 mg/L by utilizing extraction technology [22] . In addition, Raman spectra was used to detect eight typical fault characteristic gases in oil, and the detectability of the system satisfies the requirements of gas diagnosis in power transformer [23] . These studies have proved the feasibility of Raman spectroscopy in condition assessment of power equipment. However, due to the complexity of the oil and the aging process of the oil-paper insulation, it is not reasonable to make a diagnosis based only on the content of few features in the oil. Therefore, though detection of some dissolved features in oil has been achieved, Raman spectra have rarely been used to assess the aging condition of electrical equipment. Previous study [19] has proved the feasibility of Raman spectroscopy in the diagnosis of oil-paper insulation aging. However, the diagnostic accuracy based on principal components analysis (PCA) reached only 73.3% when there were 160 training samples and 105 testing samples. With the vigorous development of algorithm research, the working status of smart grid and many power equipment can be accurately predicted [24] - [29] . However, the researches on the evaluation of oil-paper insulation aging still needs to be improved. With the help of kernel entropy component analysis method, this paper aims to use the Raman spectroscopy to extract more effective spectral characteristics by analyzing the full spectrum of insulating oil which reflects almost all material information, and improve the accuracy of diagnosis.
In this study, to apply the Raman technology into the diagnosis of the aging stage of oil-paper insulation, hexagonal silver nano-plates substrates with high Raman signal enhancement effect, spatial uniformity and high stability in the process of detection were prepared in lab. Oil-paper insulation samples in different aging status were obtained by accelerated thermal aging experiments. Based on observing the change of Raman spectral information entropy in aging process, kernel entropy component analysis was applied to extract spectral features [19] . Finally, a diagnostic model based on support vector machine was established to assess the aging condition of the oil-paper insulation. The flow chart of the whole experiment is shown in Figure 1 .
II. METHODS AND EXPERIMENTS

A. SAMPLE ACQUISITION BY ACCELERATED THERMAL AGING EXPERIMENT
According to the IEEE loading guide [30] , we conducted accelerated thermal aging experiments and obtained oilpaper insulation samples at different aging stages in a relatively short period. Karamay 25 # naphthenic mineral oil and kraft paper with the thickness of 0.3 mm were used. The mass ratio of oil to paper is 10:1, which is consistent with the real transformers. Insulating oil and insulating paper are first dried in vacuum drying boxes at 90 • C for 48 h, respectively. Then the paper was immersed in the oil and dried in a vacuum drying box at 90 • C for another 48 h. Meanwhile, copper sheets with dimensions of 50 * 15 * 3 mm were added to simulate the copper winding in actual transformers. Finally, 140 samples were placed in aging ovens and heated to 120 • C for the accelerated thermal aging experiment. 20 samples were taken out on days 1, 5, 10, 20, 35, 50, and 80 to obtain the oil-paper insulation samples with different degrees of aging. Half of them were selected as training samples and the other half were used as testing samples.
B. RAMAN DETECTION AND PREPARATION OF SERS SUBSTRATES
To analyze the aging process of the oil-paper insulation, a Raman detection platform was set up to obtain the Raman spectra of the insulating oil. Figure 2 shows the structural chart of the Raman spectrum detection platform.
We used a confocal microscopy to focuse the laser on the surface of substrate in oil to excite Raman scattering. The Raman scattering could be collected by the objective and guided into the charge-coupled device (CCD), which is connected to the spectrometer. The whole system is controlled by a computer. The laser is a 532 nm Cobolt solid-state laser with a maximum power of 500 mW, and the spectrometer is with a blazed grating (600 lines per 600 nm). High spatial resolution 50× long-focal-length objective is used for laser focussing and signal collection. Back thinned CCD (refrigeration temperature: -70 • C, distinguishability: 2000×256, quantum efficiency: > 90 %) is used to obtain high quality spectra. In this experiment, the light intensity on the oil sample is stabilized at 10 mW by a current controller and a temperature controller to prevent the SERS substrate from being damaged by laser and to excite the Raman signal of insulating oil as much as possible. The system can acquire the Raman spectra over the wavenumber range of 400-3200 cm −1 . The exposure time and the number of accumulations were set to 10 seconds and 5 times respectively. Figure 2 also shows the preparation of the hexagonal silver nano-plates surface enhanced substrates. Firstly, the commercial copper foil was cut into square pieces of 0.6 * 0.6 cm, then immersed in absolute ethanol and deionized VOLUME 7, 2019 water respectively, and cleaned in an ultrasonic cleaner for 3 minutes. Secondly, the small cleaned copper sheets are placed in beakers and placed in vacuum drying chambers for drying treatment. Thirdly, the small copper sheets were immersed in 1 mM silver nitrate solution and 1 mM 2-nitrobenzoic acid 200 mL mixed water solution, and the copper sheets were taken out after 4 minutes of reaction. Fourthly, the copper sheets were washed three times with 5 mM copper acetate solution, anhydrous ethanol and deionized water in turn. Finally, the washed copper sheets were dried in a vacuum drying chamber at 50 • C and stored at room temperature. In this way, hexagonal silver nano-plates SERS substrates were obtained. By confocal microscopic Raman technique, the laser is focused on the contact surface accessories between SERS substrate and insulating oil.
C. THE KECA FOR FEATURE EXTRACTION
Wavelet packet decomposition (WPD) provides a timescale or time-frequency analysis of signals. For Raman spectral data, the word 'time' should be replaced by 'wavenumber' [31] . When the spectra signal s (t) is decomposed by a j-level wavelet packet to obtain 2 j subspaces with equal bangwidth, the sub-signal in each space can be reconstucted as:
where D j,n k is the wavelet packet coefficients of the sub-space and ψ j,k (t) is the wavelet function. The energy of the subsignal can be calculated by:
The total energy of s (t) is expressed as the following relation:
It indicates the probability distribution of the spectral energy of s (t) in each sub-space. To quantitatively describe the feature information, WPEE is defined as follows based on the theory of information entropy:
Based on the concept of kernel principal component analysis (KPCA) and Renyi entropy, kernel entropy component analysis (KECA) was proposed to reduce the data dimension and extract Raman spectral features. The original data is projected into the high-dimensional space just as KPCA [32] . KPCA reduce dimensionality by the top eigenvalues and eigenvectors of the kernel matrix. However, the data dimensionality reduction and feature extraction in KECA are obtained by projections onto a subset of Renyi entropy preserving KPCA axes. As a generalization of information entropy, the Renyi entropy can be expressed as:
where p(x) is the probability density function generating the data set D = x 1 , . . . , x N . Since the logarithm is a monotonic function, we can focus on the quantity.
In order to estimate V (p), and then H (p), Parzen window density estimator is employed as:
where k σ (x, x t ) is the kernel function determined by parameter σ . Using the sample mean approximation of the expectation operator, we can reach that:
where element t, t of the (N × N ) kernel matrix K equals k σ (x, x t ) and L is an (N × 1) vector where each element equals one. Hence, Renyi entropy can be expressed by the eigenvalues and eigenvectors of K . Kernel matrix is eigendecomposed as K = EDE T , thus we have:
We descend
2 to ensure the Renyi entropy of lowdimensional data is similar to the original data. Renyi entropy can be calculated with different σ . In this work, we found that Renyi entropy begin to be stable when the value of σ was close to 3, so the optimal value of σ can be found in the corresponding range. KECA outputs a new kernel matrix K eca as input space interpretation. K eca is associated with an input space transformation x → x such that the entropy of x 1 , . . . , x N is maximally similar to the entropy of x 1 , . . . , x N .
To sum up, the flow chart of feature extraction using KECA method is shown in Figure 3 . 
D. RECOGNITION OF AGING STAGE OF SAMPLES BASED ON SVM
SVM was first proposed by Cortes and Vapnik in 1995 [33] . It has many unique advantages in solving small sample, non-linear and high-dimensional pattern recognition, and can be extended to other machine learning problems such as function fitting. Based on statistical learning theory and structural risk minimization principle, SVM seeks the best compromise between model complexity and learning ability according to limited sample information in order to obtain the best generalization ability [34] , [35] .
The period of aging experiment of oil-paper insulation is long, and the number of samples in different aging states can be obtained in one experiment is limited. Therefore, this paper employed SVM to solve the problem of small sample size and identifying the aging stages of the samples. 70 samples were used to train the diagnostic model and the other 70 samples were used for testing. After being scaled to [−1, 1], the feature vectors were loaded to the multiclassification SVM to generate the diagnostic model [36] . The penalty parameter C and kernel parameter γ for SVM in the current study can be optimized by particle swarm optimization (PSO). The best parameters C and γ for SVM can be determined after being trained with the features of the training data.
III. RESULTS AND DISCUSSION
A. SAMPLE ACQUISITION BY ACCELERATED THERMAL AGING EXPERIMENT
By the accelerated thermal aging method described above, we obtained oil-paper insulation samples at different aging times, as shown in Figure 4 .
The DP of insulating paper is regarded as one of the best indicators of the aging condition of transformers [30] , [37] , [38] . It is not feasible to take insulating paper samples from actual transformers, but it is feasible in our VOLUME 7, 2019 experiments. To define the aging stage of the oil-paper insulation, the DP of the insulating paper which was aged with the oil, was measured according to ASTM D4243-99.
Based on the average DP of samples and according to the guide for the diagnosis of insulation aging in oilimmersed power transformers [15] , [39] , the samples can be divided into four classes that represent the four aging stages: fresh condition (I: DP>900, stage 1 , 20 samples), early age (II: 500<DP 900, stage 2 , 40 samples), medium age (III: 250<DP 500, stage 3 , 40 samples), and late age (IV: DP 250, stage 4 , 40 samples). Table 1 illustrates the changes of DP values of samples with aging time in our experiments. The results showed that our aging experiment accords with the basic aging law. 
B. SERS SUBSTRATES
Insulating oil contains thousands of substances, each of which is not particularly abundant. During the aging process of oil-paper insulation, complex chemical reactions will produce a lot of traces of aging products. These traces of aging products are the key to judge the aging status of oilpaper insulation system, but under normal circumstances, their Raman signals are very weak. This makes it difficult to distinguish the Raman signals of samples with different aging degrees. Thus, SERS technique is used to obtain rich spectral information reflecting aging degree. The detection of a large number of samples requires that the SERS substrates have good stability and homogeneity. Hexagonal silver nano-plate arrays were synthesized on the surface of 0.6 * 0.6 cm copper foil by substitution reaction using silver nitrate solution, which can meet the requirements of aging recognition of oilpaper insulation by Raman spectroscopy. As one of the best substrate materials in surface-enhanced Raman spectroscopy, silver nano-plates have special properties such as surface effect and quantum size effect. Meanwhile, electron migration occurs between copper and silver due to the difference of Fermi level, which inhibits the surface oxidation of silver nanostructures and enhances the stability of SERS substrates. In addition, copper and silver have good heat dissipation performance, which is conducive to Raman detection.
As shown in Figure 5 , in order to theoretically analyze the enhancement ability of the prepared SERS substrates, we constructed a model of SERS substrates and simulated the electric field distribution. To analyze stability of the the prepared SERS substrates, we sealed the prepared substrate for 3 days and tested it by the X-ray photoelectron spectroscopy (XPS). Based on the surface morphology parameters of copperbased silver nanos-plate SERS substrate, the periodic substrate model of copper-based silver nanosheets was constructed using Radio frequency module of COMSOL software, as shown in Figure 6 . With the help of COMSOL, the surface electric field distribution around the substrate surface can be calculated as Figure 7 to characterize the Raman enhancement ability of the SERS substrate.
In the simulation, the periodic unit length is 1400 nm (X-axis direction), the width is 1000 nm (Y-axis direction). The nanoplate was metallic silver and the substrate was metallic copper. The front view (XZ plane) of the silver nanoplate was abstracted as a hexagon with 450 nm edge length (as shown in Figure 7b ). The thickness of the silver nanoplate was 80 nm, as shown in Figure 7a (YZ plane). The interval between the silver nanoplate and the copper substrate was set to 3 nm. In addition, the incident light source is selected as 532 nm wavelength laser, the incident direction is Z negative axis, the polarization direction is x positive axis, and the amplitude is 1 V/m.
According to the classical electromagnetic theory, the enhancement of Raman signal mainly comes from the enhancement effect of local electromagnetic field in nanoscale space caused by incident light irradiation on rough metal surface. Raman scattering intensity is closely related to the electric field intensity. For this substrate, except the enhancement came from the surface plasmon resonance (SPR) produced by metal nanostructures under laser irradiation, there are many sharp nanostructures with very small radius of curvature on the rough surface, which can produce strong local electromagnetic field enhancement effect at the tip of the nanostructure. There are obvious hot spots around the corners and sides. The maximum electric field intensity at the tip of the nanoplates reached 20 V/m. Surface enhancement effect is proportional to the fourth power of electric field intensity. Therefore, the silver SERS substrate can enhance the Raman signal of the aging characteristic substances, which is helpful to get useful information from Raman signal of the oil-paper insulation in different aging stages. Figure 8 shows the XPS analysis on the substrate. Binding energy of Ag (3d5/2) is 368.24 eV in metal silver, while the binding energy of Ag 2 O (3d5/2) is 367.3 eV [40] . If silver is oxidized, the binding energy of Ag (3d5/2) should be reduced by 0.94 eV. However, Figure 8a shows that the binding energy of Ag (3d5/2) moved to 368.9 eV. The reason may be that the redistribution of electrons between copper and silver enhances the stability of the system and makes it difficult to be oxidized.
Finally, we applied the prepared SERS substrate to Raman detection. The effect of surface enhancement on the Raman spectra of insulating oil is shown in Figure 9 .
Enhancements are concentrated within the blue line (662-2194 cm −1 ). The main component of insulating oil is organic matter, and its aging products are mainly composed of carbon, hydrogen and oxygen elements. The enhanced Raman bands mainly included the deformation of aromatic ring (662-1050 cm −1 ), the stretching vibration of C-C (900-1000 cm −1 ), the stretching vibration of C-O (1000-1250 cm −1 ), the -CH 2 and -CH 3 deformation (1150-1450 cm −1 ), the stretching vibration of C=C in aromatic ring (1300-1650 cm −1 ) and the stretching vibration of C=O (1550-1700 cm −1 ). The enhanced Raman bands brought us richer aging information.
Raman spectra of insulating oil in different aging stages are shown in Figure 10 .
Without SERS, the Raman spectra of insulating oil with different aging times have low discrimination and serious overlap, as shown in Figure 10a . The Raman spectra of insulating oil with different aging times are quite different when the SERS was used, as shown in Figure 10b . However, the variations of Raman spectra of insulating oil with aging times are very complex, and there is no obvious rule to follow. This is closely related to the complex chemical composition of insulating oil. Insulating oil contain thousands of substances, so it is almost impossible to understand all the chemical reactions that occur during aging. We employed the KECA method for feature extraction and the SVM for diagnosis.
The stability testing of the SERS substrate for Raman spectrum detection of insulating oil is shown in Figure 11 . The SERS substrate has good stability and repeatability.
C. THE KECA FOR FEATURE EXTRACTION
After arranging the eigenvalues according to the contribution rate of entropy, we take the first nine eigenvalues as the main features extracted by KECA. The i th eigenvector determines the degree to which the i th eigenvalue is affected by the Raman intensity at each location. Figure 12 shows the first nine eigenvectors of the kernel matrix. As an example, details about the three of the previous nine eigenvectors are shown in Figure 13 acetone, which is the recently proposed aging characteristic, generated peaks at 939 cm −1 , 1211 cm −1 , 1712 cm −1 and 3080 cm −1 [22] , [23] . Taking the above characteristic substances as examples, Raman spectroscopy can reflect the state information of oil-paper insulation. In fact, the information that can reflect the aging state in insulating oil should not only be the above characteristic substances. As shown in the Raman spectra of insulating oil, the Raman signals in many bands vary with the aging degree. Therefore, the analysis based on Raman spectroscopy of insulating oil is a comprehensive analysis. The KECA transform space constructed by the eigenvalues and eigenvectors can transform the original data into spectral features. It is clear that samples of four aging stages have initially become separable. We could imagine that if we use all nine KECA features, the effect will be better. Ultimately, we use all the nine KECA eigenvalues, but the nine-dimensional space created by using nine eigenvalues can not be displayed graphically. We just used SVM to learn 9 KECA eigenvalues of samples in different aging states to build prediction models.
D. RECOGNITION OF AGING STAGE OF SAMPLES BASED ON SVM
After SERS detection of training samples, we analyzed their Raman spectra and obtained their KECA features. With the assistance of SVM method, we correlated these KECA features with the DP values, established an aging diagnosis model, and validated the model. The flow chart is shown in Figure 15 . A total of 140 samples were divided into two parts, one for training the KECA-SVM diagnostic model and the other for testing the performance of the model. For training samples, Raman spectral characteristics (KECA features) and aging stages (using DP as the judgment basis) of samples were obtained respectively. Then, with the help of SVM, we analyzed the relationship between the KECA features and the aging stages to established a KECA-SVM diagnostic model. For the testing samples, we also extracted their Raman spectral characteristics (KECA features) and aging stages (using DP as the judgment basis). We input KECA features of test samples into the established KECA-SVM diagnostic model to predict the aging stage of samples, and compared the predicted results with those based on DP tests to verify the accuracy of the model.
As mentioned in section II, the penalty parameter C and kernel parameter γ for SVM are core parameters of the algorithm. The fitness cure of seeking for best C and γ of SVM by PSO is shown in Figure 16a . The best C and γ values for the assessment of transformers were 4.4798 and 0.01, respectively.
Meanwhile, the KECA features of the test samples were calculated on the basis of the transfer matrix of the training samples, thus original data was reduced to nine dimensions and then tested against the discrimination model for classification. The testing results are shown in Table 2 and Figure 16b . According to the IEEE loading guide [30] , the DP of insulation paper is a widely accepted indicator of the aging condition of transformers. Many researchers used DP value as a reference to judge the degree of aging [5] - [9] , [11] . The application of the DP method is limited only in the aging assessment of the actual running equipment, and is not limited in our experiments. Therefore, the diagnostic accuracy of the proposed method in this paper is the diagnostic accuracy compared with the results of the DP method.
The experiment indicated that when the features are extracted by KECA, the PSO-SVM exhibited an accuracy of 81.43 % (57/70) for the test samples. KECA method exhibited a good diagnosis effect on highly aged oil samples but showed slight difficulty with the moderate aging samples. The misclassifications always occurred between the two adjacent aging stages.
The signal of each Raman spectral band includes the vibration information of the characteristic groups in the insulation oil (such as C=O and C=C), which will be generated or changed during the aging process. The spectral changes caused by this situation are complex and non-linear. KECA showed little classification error for the nonadjacent classes, thus avoid severe diagnosis errors because the KECA features, which were extracted from the Raman spectra, has strong nonlinear processing ability for oil samples. Moreover, the aging of oil paper insulation is actually a continuous multi-stage process, so there is no obvious boundary between each aging stage. In addition, affected by the detection error, the aging stage of some samples was hard to identify even by DP. For the reason that we regarded DP as standard, errors in the DP measurement and spectral detection also influenced the accuracy of the testing experiment.
E. COMPARISONS BETWEEN THE PROPOSED METHOD AND OTHER EXISTING METHODS
There are some methods to diagnose the aging of oilpaper insulation at present. However, this work is still worth studying, there are many aspects need to be done better. We compared the proposed method with several existing aging diagnostic methods, as shown in Table 3 .
The aging diagnosis method based on furfural content used in [8] showed that there is a linear relationship between DP and the logarithm of furfural content: log 10 (c furfural ) = 1.56 − 0.0033 DP (11) where c furfural is the furfural content of oil.
In [8] , the R-squared value is 0.8415 when equation (11) was used to predict DP values. This result shows that there is a certain relationship between DP and furfural content, which can be used for aging diagnosis.
The PD method used by Liao Ruijin et al. [5] showed that the diagnostic accuracy of this method reached 82.86% (116/140). In addition, the PD method used in [6] has 80% identification rate to correctly distinguish aging period when 30% noise disturb the original PD signal. The accuracy is satisfactory. However, PD features can be used to assess the insulation aging condition only when PD signals are detectable, and the precondition of PD is the existence of defects in insulation. Therefore, if thermal aging only results in DP decrease of insulation paper, instead of defects and PD, partial discharge analysis will be not suitable [7] .
For diagnostic methods based dielectric response, measurements in [9] showed a significant difference between unaged and aged samples, while it failed to isolate samples with different ageing periods. J. Liu et al. [11] used frequency dielectric spectroscopy to predict DP, the deviation between the measured DP values and the estimated values were all within 150 when testing 5 samples.
The current study is the first work to use surface enhanced Raman scattering technology on assessing of insulation condition. Raman spectroscopy diagnosis is a new method, which can diagnose rapidly and nondestructively, and has the potential of on-line analysis. However, the weak Raman signal of aging characteristic of oil-paper insulation makes it difficult to apply this method directly. The SERS substrate and the analysis method presented in this paper solved this problem. The diagnostic accuracy of the proposed method in this paper is 81.43%. This is only a simple comparison which can not show which method is better because: 1) Researchers may use different types of insulating paper and oil when making aging samples. 2) Researchers may have different views on the division of aging stages. 3) In different studies, the number of data used for training diagnostic models and for testing diagnostic models is different. 4) The criteria used to evaluate the quality of various methods may be different.
IV. CONCLUSION
Raman spectroscopy can provide rich information on a system with complex composition. The accuracy rate of the proposed method for diagnosis of the 70 test samples is 81.43%. The results of the study confirmed that SERS technology combined with the concept of information entropy is a promising diagnostic tool to identify the aging stages of oil-paper insulation equipment such as power transformer. The self-made hexagonal silver nano-plates SERS substrate shows its application value in evaluating aging status of oil-paper insulation. In addition to preparation of the SERS substrate, feature extraction of the Raman spectrum is also the key for condition diagnosis. Based on SERS detection, the KECA method was proposed to extracted feature parameter to qualitatively analyze the oil-paper aging stage. The results revealed the high performance of the self-made hexagonal silver nano-plates SERS substrate and that the SERS-KECA is a suitable parameter for classifier meeting the requirement of recognition for fresh condition, early age, medium age, and late age in insulation research. We will further improve the repeatability of SERS substrates and the diagnostic accuracy in future studies. Anyway, the Raman technology with SERS potentially provides a fast, nondestructive, and comprehensive assessment of oil-paper insulation, which is contribute to the on-site and on-line monitoring of oil-paper insulation system. 
